Teleost fishes not only communicate with well-known visual cues, but also olfactory 1 3 and acoustic signals. Communicating with sound has advantages, as signals propagate 1 4 fast, omnidirectionally, around obstacles, and over long distances. Heterogeneous
Introduction 3 5
In spite of the long-held view of a silent underwater world, we now know that many 3 6 teleost fishes produce sounds as part of their normal behavioural repertoire (Lobel et  1  3  3 were repeated under laboratory conditions, where a camera could be placed in lateral 1 3 4 view to monitor fish behaviours with greater detail than in the field (Fig. 1B ). It also 1 3 5 allowed controlling for the effect of captive raising on sound production. In order to minimise ambient background noise, acoustic recordings took 1 3 7 place in a room with thick concrete walls, with an aquarium (40 × 30 × 25 cm) resting container, except for the floor, was also covered with acoustic insulation that allowed 1 4 1 external sounds to be reflected and internal sounds to be absorbed to reduce 1 4 2 reverberation. Four battery-operated LED lamps were placed above the aquarium to were originally kept in pairs in aquaria with sandy substrate, halved terracotta 1 4 8 flowerpots and a motorised sponge filter, and were fed once daily prior to the 1 4 9 experiment. Ten sexually mature N. pulcher (5 males and 5 females) were then 1 5 0 selected and individually recorded in April 2015. A 1.9 mm-thick glass mirror (28 × 1 5 1 22 cm), placed flat against a lateral wall inside the aquarium, was used to induce 1 5 2 sound production ( Fig. 1B) . Fish were gently hand-netted from their home aquaria 1 5 3 and given one hour to acclimatise in the experimental setup; however, the mirror was introduced to the aquarium only two minutes before the recording began to prevent 1 5 5
the fish becoming accustomed to it. All nearby electrical equipment, including the 1 5 6 8 room lights, were shut off shortly before synchronous video and audio recordings 1 5 7
commenced.
1 5 8
We used the same hydrophone, amplifier, recorder and settings as described in 1 5 9
the field experiment. Although in the laboratory recordings we utilised the Raven Pro Only sounds that showed a clear structure and high signal to noise ratio were 1 7 9
considered. All sounds were confirmed with the synchronised video footage and if, acoustic properties of sounds produced by N. pulcher in the laboratory we measured 1 8 7 pulse duration, pulse peak frequency, interpulse interval, call duration, and pulse rate 1 8 8 ( Fig. 2 ). In the field dataset, we focused on pulse duration and pulse peak frequency. In our study the duration of each pulse is defined as the time in milliseconds (ms) 1 9 0 from the onset of a pulse to its end as classified by amplitude of the signal. Pulse peak 1 9 1 frequency is the frequency with the maximum power in the pulse. The duration 1 9 2 between each pulse, the interpulse interval, is calculated in milliseconds and is the 1 9 3 period with only white noise levels of sound between the pulses. The duration of a 1 9 4 call, in milliseconds, is measured from the onset of the first pulse to the end of the last 1 9 5 pulse and may contain one pulse or many. Call duration is often subjectively 1 9 6 measured in fish acoustics literature. We aimed to provide a non-biased, replicable 1 9 7 classification by measuring every interpulse interval in the recordings (these periods 1 9 8 of white noise went from milliseconds to minutes) and plotting their frequencies as a 1 9 9
histogram. Any discontinuity would be indicative of how many pulses constitute a 2 0 0 typical call. Lastly the pulse rate can be defined as the function of the number of 2 0 1 pulses per call duration. The aforementioned temporal parameters were measured on the oscillogram in 2 0 3 the same preset window size and settings. Whereas peak frequency was quantified Program, 2014). Of the seven (four males and three females) out of 10 N. pulcher that produced sound 2 1 1 in our setup at Lake Tanganyika, there were a total of 40 pulses recorded (mean ± SD; 2 1 2 5.7 ± 7.1 pulses/fish). Mean pulse duration was 1.5 ± 0.5 ms, whilst pulse peak sound associated with a defined social behaviour (Table 2) . Sound production 2 1 6 occurred most frequently when fish were in an aggressive posture or lateral display 2 1 7 (Table 2) . Often, these aggressive displays coupled with sound production were whereas females in addition showed submissive displays in conjunction with sound 2 2 1 (Table 2) . One female predominantly produced sound alongside non-aggressive social 2 2 2 and submissive behaviours ( Table 2) . Five doubled-pulsed calls from two fish (one 2 2 3 male and one female) were also recorded without concurrent visual display, when 2 2 4 both fish were motionless (Table 3 ). This particular female had produced sound with 2 2 5 behavioural displays, however paused displaying for a couple of minutes and 2 2 6 continued to call and then began displaying again. The male on the other hand did not in the corner of the aquarium calling out the rest of the recording. These sounds did 2 2 9 not come from background or incidental noise and were similar to the other acoustic 2 3 0 signals produced during displays (Table 3) . A total of 92 pulses (14.8 ± 11.5 pulses/fish) produced by six individuals were 2 3 2 measured in the laboratory setup (Table 3) . Since the minimum resonance frequency 2 3 3 of the aquarium (~4000 Hz) was much lower than the dominant frequency of N.
pulcher sounds (~12000 Hz, Table 3) 3). Pulses separated by less than 0.4 s were then considered part of one call, and on Male N. pulcher produced more and longer pulses than females, however the 2 4 2 peak frequencies of the pulses were very similar in both sexes (Table 4 ). The standard 2 4 3 two-pulsed call was found in both sexes, although males had more calls than females, 2 4 4
as well as a longer call duration (Table 4) . 2012) that live in unstable environments (Munoz & Blumstein, 2012) . In this study 2 5 0
we report the production of sounds often associated with a visual display by the suggest the term "low frequency silencing". However, we found strong evidence for 2 5 5 deliberate production of high frequency double-pulse calls by N. pulcher. In our field 2 5 6 1 2
and laboratory experiments we found that both males and females produce high 2 5 7 frequency sounds (above 5 kHz, average ~12 kHz) in an agonistic context induced by 2 5 8 mirrors.
2 5 9
High frequency sound production has long been reported in cichlids, including 2 6 0 in species from Lake Tanganyika (e.g. (Myrberg, Jr. et al., 1965; Nelissen, 1978) ).
6 1
Peak frequencies are similarly high (above 5 kHz, often higher than 20 kHz) but multi-pulsed call (Nelissen, 1978) . These short pulses of sound and high frequency in 2 6 6 N. pulcher point towards a stridulatory mechanism of sound production. It has been 2 6 7
suggested that African cichlids may produce sound by rubbing together the teeth on Most of the sounds recorded in this study were produced in association with 2 7 3 an aggressive visual display, but interestingly also in submissive displays. Importantly, 2 7 4 since fish also produced sound with similar characteristics without an associated 2 7 5 behaviour, we can infer that sound production is not a sole by-product of a visual 2 7 6 display but instead can be generated independently. By examining both wild and captive fish we could also exclude any effect of captivity and captive breeding on frequency sounds are still unclear. expectation that fish are sensitive only to low frequency sounds and cannot hear 3 1 0 above a certain threshold (e.g. (Heffner & Heffner, 1998) ), which would render such 3 1 1 high frequency sounds biologically irrelevant. It is presently unclear whether N.
pulcher can detect such high frequencies, as hearing sensitivities have not been Nevertheless, evidence has been mounting that some species react to high frequency well past human hearing (reviewed in (Popper & Lu, 2000) ). Furthermore, new data 3 1 9
indicate that species might have multiple hearing maxima, as bimodal w-shaped 3 2 0 sensitivity curves have been described in Malawian cichlids previously thought to Importantly, high frequency signals would also transmit more efficiently above the and perches of the family Latidae (Perciformes). We have shown that N. pulcher produces high frequency (above 5 kHz, average ~12 At times multiple behaviours were displayed conjointly with a given pulse, for All sounds produced were taken into account, both with and without a typical social 
